























Zahvaljujući izvrsnim mehaničkim svojstvima, cirkonij-
oksidna keramika (parcijalno stabilizirani cirkonijev oksid) 
široko se primjenjuje u dentalnoj medicini (1). Zbog izni-
mne opaknosti primjenjivala se kao jezgreni materijal u dvo-
slojnim sustavima, što znači da se konačni oblik i izgled na-
domjestka dobivao slojevanjem keramikom boljih optičkih 
svojstava (2, 3). U kliničkoj primjeni tih materijala dva su 
glavna problema. Prvi je odlamanje obložne keramike – chip-
ping. Uzrok je naprezanje koje nastaje u slabijem materijalu 
zbog neusklađenosti koeficijenata termičkog istezanja između 
dvaju materijala (jezgrenoga i obložnoga) (3). Drugi problem 
je fenomen starenja, odnosno degradacije pri niskim tempe-
raturama (low temperature degradation – LTD) (4 – 10). Sta-
renje se opisuje kao spontana transformacija tetragonske kri-
stalne strukture u monoklinsku u vlažnom mediju pri niskim 
Introduction
Owing to its excellent mechanical properties, zirconia ce-
ramics (partially stabilized zirconia) is widely employed in 
dental medicine (1). Due to its highly opaque character, it 
has been used as core material in bilayer systems, meaning 
that the final shape and appearance of a restoration have been 
attained by veneering a ceramic with better optical proper-
ties (2, 3). Two main problems arise in the clinical applica-
tion of these materials. The first problem is the chipping of 
veneering porcelains. The cohesive fracture is caused by a 
strain exerted on the more fragile material due to a discord 
in the coefficient of thermal expansion between the two ma-
terials (core and veneering) (3). Another problem is the “ag-
ing” phenomenon, i.e. low temperature degradation (LTD) 
(4-10). Aging is described as a spontaneous transformation of 
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medium at a room temperature (4-10). LTD causes the ex-
pansion of grains’ volume (4-5%), and consequently strains 
grain boundaries, which results in an emergence of micro-
cracks in the material (4-10). On the other hand, the expan-
sion of the volume of grains can reduce crack propagation in 
the bulk of the material by reducing or closing the crack; this 
phenomenon is called transformation toughening (4-11) and 
it is the cause for high values of the strength of the material 
and toughness (8,12,13). Spontaneous phase transformation 
of zirconia ceramics is prevented by adding different percent-
ages of stabilizers, such as yttrium, calcium, magnesium or 
cerium oxide (3,6-8). Zirconia ceramics of the first (core in 
bilayer systems) (1, 3, 6) and second generation (older mono-
lithic ceramics) (3-5, 9, 10) contain approximately 2-3 mol% 
of yttrium oxide (Y2O3) as the structure stabilizer. In spite of 
the addition of a stabilizer, exposing first-generation and sec-
ond-generation zirconia ceramics to hydrothermal degrada-
tion in an autoclave always results in tetragonal-to-monoclin-
ic transformation on the surface, which is exposed to moist 
environment and temperature shifts, in a similar way as the 
exposed side of a restoration in the oral cavity (3-10). The 
loading of the material during chewing causes the emergence 
of new and expansion of existing micro-cracks, thus trigger-
ing the advancement of tetragonal-to-monoclinic transfor-
mation from the surface into the depth, which may even-
tually result in restoration fracture (3-10). The expansion of 
volume causes monoclinic grains to rise above the surface of 
the materials, thereby increasing the roughness of the mate-
rials and the consequential wear of antagonists in the chew-
ing process (14).
Translucency is the main esthetic reason in choosing 
materials for fixed prosthetic restorations (15). Insufficient 
translucency of first-generation and second-generation zirco-
nia ceramics has limited their application in the esthetically 
more demanding anterior part of dental arch. Zhang et al. 
reported an increased manifestation (50%) of a cubic crys-
tal structure in translucent zirconia ceramics with 5 mol% of 
yttrium oxide (fully stabilized zirconia) (16). A cubic crystal 
lattice is resistant to transformation, which should eliminate 
the problem of aging. Dispersion on the grains of a cubic 
crystal lattice is abated, while transmission through materi-
al is amplified, which fosters translucency and the possibility 
of imitating dental hard tissues (17). According to Kolakarn-
prasert et al., grain size differs in different translucent materi-
als (17). They reported that KATANA-Zirconia UTML had 
the largest grain size (4.05 ± 0.85 µm) and the highest cubic 
phase percentage, followed by Katana STML (2.81 ± 0.17 
µm) and finally Katana ML (0.63 ± 0.3 µm), which also dis-
played the lowest share of cubic phase in its structure (17). 
Due to the aforementioned problems with first-generation 
and second-generation zirconia ceramics, a need arose for a 
new, third-generation zirconia ceramic which would elimi-
nate those problems. By exposing materials to aging proto-
cols, one may predict their performance in the oral cavity 
over a longer period (4-10, 16, 17). 
The aim of this research was to evaluate the effect of hy-
drothermal and chemical aging protocols on microstruc-
ture, color parameters, i.e. color stability and translucency 
temperaturama (4 – 10). Zbog LTD-a nastaje volumna ek-
spanzija zrna (4 – 5 %) te se stvara naprezanje na granicama 
zrna koje rezultira nastankom mikropukotina u materijalu (4 
– 10). S druge strane, volumna ekspanzija zrna može spri-
ječiti širenje postojeće mikropukotine njezinim smanjenjem 
ili zatvaranjem, što se naziva transformacijsko očvršćenje (4 
– 11), a to je i razlog za visoke vrijednosti čvrstoće i tvrdoće 
tih materijala (8, 12, 13). Spontana fazna transformacija cir-
konij-oksidne keramike sprječava se dodavanjem stabilizato-
ra u različitom postotku, kao što su itrijev, kalcijev, magne-
zijev ili cerijev oksid (3, 6 – 8). Cirkonij-oksidne keramike 
prve generacije (za jezgru kod dvoslojnih sustava) (1, 3, 6) i 
druge generacije (starije monolitne) (3 – 5, 9, 10) sadržavaju 
2 do 3 % molekularnog udjela itrijeva oksida (Y2O3) kao sta-
bilizatora strukture. Unatoč dodatku stabilizatora, izlaganje 
cirkonij-oksidne keramike prve i druge generacije hidroter-
malnoj degradaciji u autoklavu uvijek završava tetragonsko-
monoklinskom transformacijom i to na površini koja je izlo-
žena vlazi i promjeni temperature, što odgovara eksponiranoj 
strani nadomjestka u usnoj šupljini (3 – 10). Opterećenje pri-
mijenjeno na materijal pri žvačnoj funkciji izaziva nastanak 
novih mikropukotina i širenje postojećih, a one su okidač za 
napredovanje tetragonsko-monoklinske transformacije s po-
vršine u dubinu, što s vremenom može rezultirati lomljenjem 
nadomjestka (3 – 10). Volumna ekspanzija monoklinskih zr-
na potiče njihovo izdizanje iznad površine materijala, čime se 
povećava hrapavost materijala i posljedično trošenje antago-
nista u funkciji (14). 
Translucencija se navodi kao glavno estetsko obiljež-
je u izboru materijala u fiksnoprotetičkoj terapiji (15). Ne-
dovoljna translucencija cirkonij-oksidnih keramika prve i 
druge generacije ograničila je njihovu primjenu u estetski 
zahtjevnijem, prednjem dijelu zubnoga niza. Zhang i surad-
nici, istražujući translucentnu cirkonij-oksidnu keramiku, 
navode pojavu kubične kristalne strukture u većem postot-
ku (50 %) s 5 % molekularnog udjela itrijeva oksida (pot-
puno stabilizirani cirkonijev oksid) (16). Kubična kristalna 
rešetka otporna je na transformaciju, čime bi problem stare-
nja trebao biti eliminiran. Na zrnima kubične kristalne re-
šetke smanjen je rasap svjetlosti, a povećana transmisija kroz 
materijal, pa se postiže bolja translucencija i veća mogućnost 
imitiranja tvrdih zubnih tkiva (17). Prema Kolakarnpraser-
tu i suradnicima, ta se veličina zrna razlikuje od materija-
la do materijala (17). U njihovu istraživanju materijal KA-
TANA-Zirconia UTML ima najveća zrna (4,05 ± 0,85 µm) 
i najveći postotak kubične faze, slijedi ga KATANA STML 
(2,81 ± 0,17 µm) i naposljetku KATANA ML (0,63 ± 0,3 
µm) koji ujedno ima najmanji udio kubične faze u strukturi 
(17). Zbog opisanih problema prve i druge generacije cirko-
nij-oksidne keramike pojavila se potreba za novom, trećom 
generacijom kojom bi se ti problemi otklonili i koja je od 
pojave na tržištu postala predmetom mnogobrojnih istraži-
vanja. Izlaganjem materijala protokolima starenja može se 
predvidjeti njegovo ponašanje u usnoj šupljini tijekom du-
ljeg razdoblja (4 – 10, 16, 17). Cilj ovog istraživanja bio je 
ispitati utjecaj protokola starenja na mikrostrukturu, kolor-
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of monolithic translucent multilayered zirconia ceramic. The 
following hypotheses have been tested:
1. Hydrothermal degradation in an autoclave and chemical 
degradation in a corrosive medium do not affect the mi-
crostructure of specimens.
2. Hydrothermal degradation in an autoclave and chemi-
cal degradation in a corrosive medium bring about col-
or changes expressed by parameters CIE ΔE, CIE ΔL and 
CIE ΔC, which are within clinically acceptable values 
over a longer period of application.
3. Hydrothermal degradation in an autoclave and chemi-
cal degradation in a corrosive medium do not affect the 
translucency of monolithic translucent zirconia ceramic.
The microstructure and translucency of monolithic trans-
lucent zirconia ceramic correlate.
Material and methods
Specimen	Preparation
Monolithic translucent zirconia ceramics KATANA-Zir-
conia Super Translucent Multi Layered - STML (Kuraray 
Noritake Dental Inc., Tokyo, Japan), shade A2 (Table 1) was 
used in the study. Overall, 18 specimens (11mm x 11mm 
x 1.5mm with ± 5% tolerance) were fabricated using the 
CAD/CAM technique in a milling machine (Zenotec Easy 
Wieland, Pforzheim, Germany) and sintered in a furnace 
(Wieland, Pforzheim, Germany) according to the manufac-
turer’s instructions (2 hours at 1550 °C). The heating rate of 
10 °C/min was employed until the sintering temperature was 
reached. The same dynamics was repeated in cooling protocol 
after the final sintering. Depending on the surface treatment, 
the specimens were divided into two groups. Eight specimens 
were glazed following the manufacturer’s instructions (G1-
G8), while eight other specimens were polished (P1-P8) with 
diamond rubbers for porcelain (Ceragloss, EDENTA AG, 
Hauptstrasse 7, Switzerland) and cooled with water. Each 
group was further divided into two subgroups, according to 
the aging protocol applied. The remaining two specimens re-
ceived no surface treatment and acted as control specimens in 
the research (C1, C2).
Null	Measurements	and	Analyses
An X-ray diffraction analysis (Philips PW 1820 diffrac-
tometer, Philips Co., Amsterdam, Netherlands) was per-
formed on two polished samples (P1, P5) so as to attain the 
initial crystal structure, which was assumed to be identical 
in all specimens. Two ceramic tiles (P1, P5) were subjected 
to CuK-alpha radiation in the space between 10 ° and 70 ° 
of the 2theta angle, with a step size of 0.02 ° and step time 
of 1 s/step.
The initial values of color parameters L*, a* and b* on all 
specimens, including the control ones, were calculated with 
an X-rite Exact spectrophotometer (Grand Rapids, Michi-
Testirat će se sljedeće hipoteze:
1. hidrotermalna degradacija u autoklavu i kemijska degra-
dacija u korozivnom mediju neće utjecati na mikrostruk-
turu uzoraka
2. hidrotermalna degradacija u autoklavu i kemijska degra-
dacija u korozivnom mediju rezultirat će kolornim pro-
mjenama izraženima parametrima CIE ΔE, CIE ΔL i 
CIE ΔC koje su unutar klinički prihvatljivih vrijednosti 
tijekom dulje primjene
3. hidrotermalna degradacija u autoklavu i kemijska degra-
dacija u korozivnom mediju neće utjecati na translucen-
ciju monolitne translucentne cirkonij-oksidne keramike
4. u korelaciji su mikrostruktura i translucencija monolitne 
translucentne cirkonij-oksidne keramike. 
Materijal i postupci
Priprema	uzoraka
U istraživanju je korištena monolitna translucentna cir-
konij-oksidna keramika KATANA-Zirconia Super Translu-
cent Multi Layered – STML (Kuraray Noritake Dental Inc., 
Tokio, Japan), boje A2 (tablica 1.). Izrađeno je 18 uzora-
ka (11 mm x 11 mm x 1,5 mm u toleranciji ± 5 %) CAD/
CAM tehnikom u glodalici Zenotec Easy Wieland (Wieland, 
Pforzheim, Njemačka) sinteriranjem u peći Wieland (Wie-
land, Pforzheim, Njemačka) prema uputi proizvođača (2 h 
na 1550 °C). Porast temperature do temperature sinteriranja 
je 10 °C/min. Ista je dinamika snižavanja temperature – hla-
đenja nakon završenog sinteriranja. Ovisno o završnoj obradi 
površine uzorci su podijeljeni u dvije skupine. Osam uzoraka 
glazirano je prema uputi proizvođača (G1 – G8), a osam po-
lirano dijamantnim gumicama za keramiku Ceragloss tvrtke 
EDENTA AG (Hauptstrasse 7, Švicarska) uz vodeno hlađe-
nje (P1 – P8). Skupine su podijeljene u po dvije podskupine, 
ovisno o vrsti provedenog eksperimentalnog protokola stare-
nja. Preostala dva uzorka nisu površinski obrađivani i bili su 
kontrolni uzorci u istraživanju (C1, C2).
Nulta	mjerenja	i	analize
Na dvama poliranim uzorcima (P1, P5) učinjena je di-
frakcijska analiza X-zrakama radi dobivanja početne kristalne 
strukture, uz pretpostavku da je ona jednaka u svim uzorci-
ma (difraktometar Philips PW 1820, Philips Co., Amster-
dam, Nizozemska). Dvije keramičke pločice (P1, P5) mjere-
ne su na CuKalfa zračenju u području 2theta kuta: od 10° do 
70°, u koraku od 0,02° i vremenom prikupljanja od 1s/step.
Na svim uzorcima, uključujući i kontrolne, izmjerene su 
početne vrijednosti kolornih parametara L*, a* i b* spektro-
fotometrom X-rite Exact (Grand Rapids, Michigan, SAD). 
Uređaj je najprije kalibiriran i namještene su sve postavke 
Material • Materijal Compound share • Udjeli spojeva (%)
KATANA-Zirconia STML
ZrO2 ~ 86 
Y2O3 ~ 11.5-12 
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gan, USA). The instrument was calibrated and all the settings 
were adjusted before measuring (measurement mode 0, light 
source D50, standard observer 2 °). The aperture size was 2 
mm. Five measurements were conducted for each specimen 
on a black surface and a white surface. Changes in color and 
lightness as well as the chromaticity of specimens were ex-
pressed through CIE ΔE, CIE ΔL and CIE ΔC values, which 
were calculated using the CIEΔE2000 formula. Lower ΔE 
values denote a minor colorimetric difference between two 
points representing colors in the color coordinate system. ΔE 
values under 3.5 are considered to be clinically acceptable in 
the conditions of the oral cavity (15). The translucency pa-
rameter (TP) was extracted from L*, a* and b* parameters on 
black and white surfaces using the following formula:
TP= [(L*w-L*b)2 + (a*w-a*b)2 + (b*w-b*b)2]1/2,
where w and b denote L*, a* and b* values measured on both 
a white surface and a black surface.
Experimental	Protocols
All glazed and polished specimens were divided into four 
subgroups (G1-G4, G5-G8, P1-P4, P5-P8) according to the 
type of experimental protocol they were subjected to (Figure 
1). Four glazed specimens (G1-G4) and four polished spec-
imens (P1-P4) were sterilized in an autoclave (SKO7, Faro, 
Italy) for a period of three hours, at a temperature of 134 °C 
and under 313-318 kPa of pressure (six 30-minute cycles). 
Distilled water was used for sterilization. Four glazed (G5-
G8) and four polished specimens (P5-P8) were placed in a 
1000-mL glass measuring flask. A 2.49-pH corrosive medi-
um (four-percent acetic acid (CH3COOH)) was added and 
the specimens were submerged in the medium for 16 hours 
at a temperature of 80 °C (ISO 6872).
Control specimens (C1, C2) were not subjected to exper-
imental protocols, but were kept at a room temperature of 20 
°C and under a standard pressure of 1 atm throughout the 
duration of the research.
uređaja prije mjerenja (mjerni mod 0, izvor svjetlosti D50, 
standardni promatrač 2°). Mjerni otvor iznosio je 2 mm. Pro-
vedeno je po pet mjerenja na svakom uzorku, na crnoj i bije-
loj podlozi. Kolorne razlike, promjene svjetline i kromatično-
sti uzoraka izražene su parametrima CIE ΔE, CIE ΔL i CIE 
ΔC izračunatima s pomoću formule CIEΔE2000. Niže vrijed-
nosti ΔE znače manju kolorimetrijsku razliku između dviju 
točaka koje opisuju boje u koordinatnom sustavu boja. Vri-
jednosti ΔE do 3,5 u uvjetima usne šupljine smatraju se kli-
nički prihvatljivima (15). Iz parametara L*, a* i b* na crnoj 
i bijeloj podlozi, izračunat je parametar translucencije (TP) 
prema formuli:
TP = [(L*w-L*b)2 + (a*w-a*b)2 + (b*w-b*b)2]1/2,
gdje su w i b oznake za vrijednosti L*, a* i b* izmjerene na bi-
jeloj i crnoj podlozi. 
Eksperimentalni	protokoli
Svi glazirani i svi polirani uzorci su, ovisno o vrsti prove-
denog eksperimentalnog protokola, podijeljeni u četiri pod-
skupine (G1 – G4, G5 – G8, P1 – P4, P5 – P8) (slika 1.). 
Četiri glazirana uzorka (G1 – G4) i četiri polirana uzorka (P1 
– P4) sterilizirana su tri sata u autoklavu (SKO7, Faro, Itali-
ja) na temperaturi od 134 °C pod tlakom od 313 do 318 kPa 
(6 ciklusa po 30 minuta). Za sterilizaciju je korištena destili-
rana voda. Četiri glazirana (G5 – G8) i četiri polirana uzorka 
(P5 – P8) postavljena su u staklenu mjernu tikvicu volume-
na 1000 mL te im je dodan korozivni medij [4-postotna oto-
pina octene kiseline (CH3COOH)] pH vrijednosti 2,49 tako 
da su potpuno bili uronjeni u njega 16 sati na temperaturi od 
80 °C (ISO 6872). 
Kontrolni uzorci (C1, C2) nisu izlagani eksperimental-
nim protokolima, nego su tijekom istraživanja čuvani na 
standardnoj temperaturi od 20 °C pri standardnom tlaku od 
1 atm (101 325 Pa).
Figure 1	 Graphic	division	of	groups	of	specimens.
Slika 1.	 Shematski	prikaz	podjele	uzoraka
specimens, P – polished specimens, H – hydrothermal aging, C – chemical aging, C – control 
specimens. 
Table 4 Value intervals for translucency parameter before (TP0) and after (TP1) aging 
protocols with average change of arithmetical means (∆TPavg) of glazed (G1-G8), polished 
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After the aging protocols, the same measurements and 
analyses from the beginning of the research were repeated on 
all specimens and one specimen from each subgroup (G1, 
G5, P1 and P5) was subjected to an X-ray diffraction anal-
ysis. 
Statistical	Analysis
The obtained results are displayed in figures and tables. 
In order to analyze the statistical significance of CIE ΔE, 
CIE ΔL and CIE ΔC values as well as the significance of the 
difference in TP values before and after experimental pro-
tocols, the Tukey test, with a 95% confidence interval, was 
employed along with the One-way ANOVA comparison pro-
cedure for detecting differences between groups with regard 
to the examined parameters. All P values below 0.05 were 
deemed to be statistically significant. The XLSTAT software 
was used in the analysis.
Results
The results of a XRD analysis conducted on polished 
specimens from both subgroups (P1, P5) before aging pro-
tocols (Figure 2) have revealed the diffraction maximum of 
tetragonal zirconia (position at about 30°2Theta) and cubic 
phase peaks. Phase shares are expressed as percentages. The 
share of the tetragonal phase was 62.7%, while the share of 
the cubic phase was 37.3%. Phase composition analyses of 
glazed (G1) and polished (P1) specimens exposed to hydro-
thermal degradation in an autoclave revealed that the cubic 
phase fully transitioned into the tetragonal one (Figure 3). 
The phase composition of both specimens exposed to chemi-
Nakon protokola starenja na svim uzorcima provedena su 
ista mjerenja i analize kao i na početku istraživanja. Difrakcij-
ska analiza X-zrakama nakon protokola obavljena je na jed-
nom uzorku iz svake podskupine (G1, G5, P1 i P5).
Statistička	analiza
Rezultati su prikazani grafički i tablično. Za analizu stati-
stičke značajnosti vrijednosti CIE ΔE, CIE ΔL i CIE ΔC, te 
značajnosti razlika u vrijednostima TP-a prije i poslije ekspe-
rimentalnih protokola korišten je Tukeyjev test s 95-postot-
nom značajnosti te ANOVA multiple comparison za detekciju 
razlika između skupina za ispitivane parametre. Sve P vrijed-
nosti manje od 0,05 smatrale su se statistički značajnima. Za 
analizu je korišten programski paket XLSTAT. 
Rezultati
Rezultati difrakcijske analize poliranih uzoraka iz obiju 
podskupina (P1, P5) prije protokola starenja (slika 2.) poka-
zuju difrakcijski maksimum tetragonskog cirkonijeva oksida 
(pozicija oko 30°2Theta) te pikove kubične faze. Udjeli faza 
prikazani su u postotcima. Udio tetragonske faze iznosio je 
62,7 %, a udio kubične faze 37,3 %. Analize faznih sastava 
glaziranog (G1) i poliranog (P1) uzorka koji su bili izloženi 
hidrotermalnoj degradaciji u autoklavu pokazuju da je kubič-
na faza posve prešla u tetragonsku (slika 3.). Na oba uzorka 
izložena kemijskoj degradaciji (G5, P5) u korozivnom medi-
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G2 1.526 ± 0.876 -0.088 ± 1.156 -0.025 ± 1.516
G3 2.057 ± 0.826 1.236 ± 1.090 -0.597 ± 1.429
G4 0.799 ± 0.826 0.039 ± 1.090 0.654 ± 1.429






G6 1.809 ± 0.826 1.288 ± 1.090 0.493 ± 1.429
G7 2.526 ± 0.826 0.354 ± 1.090 0.524 ± 1.429
G8 3.762 ± 0.826 -0.104 ± 1.090 0.937 ± 1.429






P2 2.226 ± 0.876 -1.200 ± 1.156 0.398 ± 1.516
P3 3.282 ± 0.826 -1.125 ± 1.090 1.223 ± 1.429
P4 3.638 ± 0.826 -1.043 ±1.090 1.618 ± 1.429






P6 1.774 ± 0.826 1.317 ± 1.090 0.337 ± 1.429
P7 2.303 ± 0.826 -0.772 ± 1.090 0.573 ± 1.429
P8 3.686 ± 0.826 -1.215 ± 1.090 0.851 ± 1.011
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cal degradation in a corrosive medium (G5, P5) did not sig-
nificantly change (Figure 4).
ΔE, ΔL and ΔC values were calculated using the 
CIEΔE2000 formula and are presented as value intervals (arith-
metical mean ± standard deviation (AM ± SD)) for all speci-
mens (Table 2). Hydrothermal degradation resulted in a ma-
jor color change in polished specimens (P1-P4) (ΔEavg=2.75) 
and a minor color change in glazed specimens (G1-G4) 
(ΔEavg=1.64), but the latter change was significantly minor 
in comparison with other subgroups (G5-G8, P1-P4, P5-P8) 
(Tables 2 and 3). The chemical degradation of polished spec-
imens (P5-P8) led to an average color change of ΔEavg=2.65, 
while the same protocol caused a somewhat greater color 
change of ΔEavg=2.87 in glazed specimens (G5-G8) (Tables 2 
Vrijednosti ΔE, ΔL i ΔC dobivene su izračunom prema 
formuli CIEΔE2000 i prikazane u obliku intervala vrijednosti 
[aritmetička sredina ± standardna devijacija (AS ± SD)] za sve 
uzorke (tablica 2.). Hidrotermalnom degradacijom ostvarila 
se veća kolorna promjena poliranih uzoraka (P1 – P4) (ΔEsred 
= 2,75) te manja glaziranih uzoraka (G1 – G4) (ΔEsred = 1,64) 
koja je ujedno statistički značajno manja od uzoraka u osta-
lim podskupinama (G5 – G8, P1 – P4, P5 – P8) (tablice 2. 
i 3.). Kemijskom degradacijom poliranih uzoraka (P5 – P8) 
nastala je kolorna promjena ΔEsred = 2,65, a glazirani uzorci 
pri istom protokolu (G5 – G8) ostvarili su nešto veću kolor-
nu promjenu ΔEsred = 2,87 (tablice 2. i 3.). Kontrolni uzorci 
ostvarili su kolornu promjenu ΔEsred = 2,15 koja se statistič-
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and 3). The change of color of ΔEavg=2.15 occurred in con-
trol specimens which, from a statistical point of view, did not 
differ significantly from the specimens in other subgroups 
(Tables 2 and 3). In the analysis of obtained color changes, 
a somewhat more pronounced difference in the component 
defining the lightness of the specimens was observed. In pol-
ished specimens (P1-P4), hydrothermal degradation brought 
about an average lightness change of ΔLavg=-1.16, which was 
statistically much greater than in other subgroups (P5-P8, 
G1-G4, G5-G8) (Tables 2 and 3). Differences in chromatic-
ity (variations between the values of a* and b* coordinates) 
were less pronounced than differences in lightness (L*). Such 
deviations primarily occurred along the b* coordinate (value 
increase). No statistically significant differences in chroma-
ticity ΔC among the subgroups were recorded (Tables 2 and 
3). Figures 5, 6 and 7 graphically show all resulting devia-
tions in the coloration of specimens subjected to experimen-
tal protocols, along with deviations in lightness and chroma-
ticity. A significant color change ΔE in specimens G5-G8, 
P1-P4 and P5-P8 is visible in the graphs. Parameters ΔL and 
ΔC underwent a more significant change in subgroup P1-P4, 
although the change in parameter ΔC has not been statisti-
cally significant. 
The value intervals (AM ± SD) for the translucency pa-
rameter (TP) of all specimens before (TP0) and after (TP1) 
experimental protocols displayed a homogeneity in results 
without statistical significance (Table 4). Hydrothermal deg-
radation in an autoclave and chemical degradation in a cor-
rosive medium did not have a statistically significant effect 
on the translucency parameter in tested subgroups, although 
a decrease in TP (ΔTP) was greater in polished (ΔTPavg from 
-0.96 to -0.5) than in glazed specimens (ΔTPavg from -0.42 
to -0.07) (Table 4).
Discussion
Long-term conditions inside the oral cavity are simulat-
ed by subjecting samples to hydrothermal degradation in an 
autoclave, while chemical degradation in a corrosive medium 
(ISO 6872:2015) is a way of testing the resistance of materi-
als to chemicals (18,19). Acetic acid, applied in accordance 
with the standard, has a pH value (pH 2.49) very similar 
to the values inside the plaque and in the oral cavity when 
acidic food and drinks are consumed (18, 19). Hydrothermal 
degradation in an autoclave effectuated a change in the mi-
crostructure of both specimen groups (G1-G8, P1-P8), i.e. 
grains in the cubic crystal lattice were fully transformed in-
to a tetragonal crystal lattice (Figure 3), but a tetragonal-to-
monoclinic transformation did not occur. Likewise, Muñoz 
et al. did not prove the occurrence of a monoclinic phase, but 
their study of monolithic zirconia with a tetragonal-cubic mi-
crostructure found that hydrothermal degradation triggered 
an increase in the share of the cubic phase (20). Kolakarn-
prasert et al. also did not prove the presence of a monoclinic 
phase in the material when subjecting specimens to a temper-
ature of 120 °C over a 12-hour period (17). The microstruc-
ma (tablice 2. i 3.). Analizom ostvarenih kolornih promjena 
uočena je nešto izraženija razlika u komponenti koja definira 
svjetlinu uzoraka. Hidrotermalna degradacija prouzročila je 
na poliranim uzorcima (P1 – P4) prosječnu promjenu svjetli-
ne ΔLsred = -1,16 koja je statistički značajno veća od uzoraka u 
ostalim podskupinama (P5 – P8, G1 – G4, G5 – G8) (tablice 
2. i 3.). Razlike u kromatičnosti (varijacije između vrijednosti 
koordinata a* i b*) manje su izražene u odnosu prema razli-
kama u svjetlini (L*). Tako se površinskom obradom glazira-
njem uz hidrotermalnu degradaciju (G1 – G4) postigla pro-
sječna promjena u kromatičnosti ΔCsred = 0,28, a kemijskom 
degradacijom (G5 – G8) dobiveno je veće odstupanje (ΔCsred 
= 0,73) (tablice 2. i 3.). Takva odstupanja uglavnom se ostva-
ruju po koordinati b* (povećava se njihova vrijednost). Porast 
po koordinati b* zabilježen je i na poliranim uzorcima, oso-
bito u podskupini izloženoj hidrotermalnoj degradaciji (P1 – 
P4) (ΔCsred = 1,25) (tablice 2. i 3.). Između podskupina ni-
su zabilježene statistički značajne razlike u kromatičnosti ΔC 
(tablice 2. i 3.). Na slikama 5., 6. i 7. grafički su prikazana 
ukupno nastala odstupanja u obojenju uzoraka izloženih ek-
sperimentalnim protokolima te njihova odstupanja u svjetlini 
i kromatičnosti. Na grafovima se vidi značajna kolorna pro-
mjena ΔE na uzorcima G5 – G8, P1 – P4 te P5 – P8. Para-
metri ΔL i ΔC značajnije su promijenjeni u podskupini P1 – 
P4, iako promjena u parametru ΔC nije statistički značajna.
Intervali vrijednosti (AS ± SD) parametra translucenci-
je (TP) svih uzoraka prije (TP0) (TP1) eksperimentalnih pro-
tokola i poslije njih pokazuju ujednačene rezultate bez stati-
stičke značajnosti (tablica 4.). Hidrotermalna degradacija u 
autoklavu i kemijska degradacija u korozivnom mediju ni-
su statistički značajno utjecale na parametar translucencije 
unutar ispitivanih podskupina, iako je promjena TP-a (ΔTP) 
u obliku smanjenja veća na poliranim uzorcima (ΔTPsred od 
-0,96 do -0,5) u odnosu prema glaziranima (ΔTPsred od -0,42 
do -0,07) (tablica 4.).
Rasprava
Izlaganjem materijala hidrotermalnoj degradaciji u auto-
klavu simuliraju se uvjeti u usnoj šupljini tijekom duljeg raz-
doblja, a kemijska degradacija u korozivnom mediju (ISO 
6872:2015) način je ispitivanja kemijske postojanosti mate-
rijala (18, 19). Octena kiselina primijenjena prema standar-
du ima pH vrijednost vrlo sličnu (pH 2,49) uvjetima u usnoj 
šupljini koji nastaju pri konzumaciji hrane i pića niskih pH 
vrijednosti, te pH vrijednosti unutar plaka (18, 19). Tijekom 
hidrotermalne degradacije u autoklavu dogodila se promjena 
u mikrostrukturi obiju skupina uzoraka, odnosno zrna ku-
bične kristalne rešetke potpuno su transformirana u tetra-
gonsku kristalnu rešetku (slika 3.), ali se tetragonsko-mono-
klinska transformacija nije dogodila, što navodi na zaključak 
da je prva hipoteza ovog istraživanja djelomično prihvaćena. 
Muῆoz i suradnici u istraživanju monolitnoga cirkonijeva ok-
sida tetragonsko-kubične mikrostrukture također nisu doka-
zali pojavu monoklinske faze, ali se u njihovoj studiji tijekom 
hidrotermalne degradacije pojavio veći udjel kubične u od-
nosu prema tetragonskoj fazi (20). Kolakarnprasert i surad-
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ture of specimens subjected to corrosive degradation did not 
change, i.e. the ratio between cubic and tetragonal phase re-
mained almost unchanged from the start of the present re-
search (Figure 4). These results led to conclusions that the 
first hypothesis of this research is partially accepted. Accord-
ing to Kolakarnprasert, translucent zirconia ceramics owes its 
stable tetragonal-cubic structure to its share of yttrium oxide 
– Y2O3 (approximately 5 mol %), which is larger than in pre-
vious generations of the same material (2-3 mol %) (17). A 
combined tetragonal-cubic structure affects the mechanical 
and optical properties of the material. According to Sulaiman 
et al. (21-23) and Zhang et al. (13,16), augmented dimen-
sions of cubic crystals make materials with such a structure 
more fragile, but also more translucent, as dispersion is abat-
ed, while transmission though material is amplified vis-à-vis 
the previous generations. Yttrium oxide has an impact on me-
chanical properties; its share has been increased, while the 
share of aluminum oxide crystals, which contributed to supe-
rior mechanical properties of previous generations, has been 
reduced (24-26).
Colorimetry is a scientific discipline dealing with color 
and surface measurement as well as the precise presentation 
of those measurements in various color spaces employed for 
coloring delineation (27, 28). At the moment, the most com-
monly utilized color space is the three-dimensional CIE LAB, 
which, apart from high-quality visualization, it also enables 
easier definition of color deviations between two shades (27-
29). In order to measure color differences on specimens be-
fore and after aging protocols as well as intergroup differenc-
es, a reflex spectrophotometer was employed. This device is 
used in graphic industry and would normally not be suitable 
for intraoral color determination in dental medicine. Howev-
er, taking into account the fact that this was an in-vitro study 
in which disc-shaped specimens were employed, a device for 
measuring color parameters on flat surfaces was deemed to be 
the most suitable choice as it provided objective results and 
comparable numerical values, while the effect of the human 
factor, i.e. subjective perception, was eliminated (27-31). In 
this research, the color change, expressed as the average val-
ue of arithmetical means ΔEavg, in glazed specimens exposed 
to hydrothermal degradation in an autoclave (G1-G4) ex-
hibited clinically more acceptable values (ΔEavg=1.64), which 
has been confirmed in prior studies (15,27,28,31). The mean 
values ΔE in the subgroup subjected to chemical degrada-
tion (G5-G8) in a corrosive medium (the average value of ar-
ithmetical means being ΔEavg=2.87) were significantly high-
er than in subgroup exposed to hydrothermal degradation 
(Tables 2 and 3). Due to the stability of phase composition, 
i.e. the absence of a monoclinic phase, this color change may 
be attributed to the dissolving of glaze in an aggressive me-
dium, which in turn affects the perception of optical prop-
erties (32-34). An amorphous material, glaze, is not resistant 
to aggressive external influences nor is it chemically stable 
(33-35). In an aggressive medium, surface ions in the glaze 
perish, which leads to irregularities (secondary porosity) that 
augment roughness – a finding that corresponds to the find-
ings of other authors (32-34). It is important to emphasize 
that long-term color changes on restorations in the oral cav-
sati u vodi također nisu dokazali monoklinsku fazu u ma-
terijalu (17). Na uzorcima izloženima korozijskoj degradaci-
ji, mikrostruktura je ostala gotovo nepromijenjena, odnosno 
koegzistirale su kubična i tetragonska faza u gotovo jedna-
kom postotku kao na početku istraživanja (slika 4.). Prema 
Kolakarnprasertu, translucentna cirkonij-oksidna keramika 
ima stabilnu tetragonsko-kubičnu strukturu zahvaljujući ve-
ćem udjelu itrijeva oksida – Y2O3 (oko 12 % molekularnog 
udjela) u odnosu prema prijašnjim generacijama materijala (2 
– 3 % molekularnog udjela) (17). Kombinirana tetragonsko-
kubična struktura utječe na mehanička i optička svojstva ma-
terijala. Prema Sulaimanu i suradnicima (21 – 23) te Zhangu 
i suradnicima (13, 16), materijali s takvom strukturom krh-
kiji su zbog većih dimenzija kubičnih kristala, ali i translu-
centniji zbog manjeg rasapa svjetlosti, a veće transmisije kroz 
materijal u odnosu prema prethodnim generacijama. Na me-
hanička svojstva utječe itrijev oksid čiji je udio povećan, a re-
ducirani su kristali aluminijeva oksida koji su pridonosili bo-
ljim mehaničkim svojstvima prethodnih generacija materijala 
(24 – 26). 
Kolorimetrija kao znanstvena disciplina bavi se metri-
kom boja i podloga te njezinim točnim prikazivanjem u 
različitim kolornim prostorima za opis obojenja (27, 28). 
Trenutačno najčešće korišten kolorni prostor jest trodimen-
zionalni CIE LAB koji, uz kvalitetnu vizualizaciju, može 
lako definirati i kolorno odstupanje između dvaju tonova 
(27 – 29). Za mjerenje kolornih razlika na uzorcima pri-
je protokola starenja i poslije njega te razlika između skupi-
na primijenjen je refleksijski spektrofotometar koji se ina-
če upotrebljava u grafičkoj industriji i ne bi bio prikladan 
za određivanje boje u dentalnoj medicini koje se provodi in-
traoralno. No s obzirom na činjenicu da se u ovom sluča-
ju radilo o istraživanju in vitro u kojemu su korišteni uzorci 
u obliku pločica, takav uređaj za mjerenje parametara bo-
je ravnih površina bio je pogodan. Korištenje spektrofoto-
metara najpogodnije je radi objektivizacije rezultata, dobi-
vanja numeričkih vrijednosti koje se mogu uspoređivati i 
eliminacije utjecaja ljudskog čimbenika, odnosno subjektiv-
nog dojma (27 – 31). U ovom istraživanju kolorna promje-
na izražena prosječnom vrijednošću aritmetičkih sredina ΔE 
kod glaziranih uzoraka izloženih hidrotermalnoj degradaciji 
(G1 – G4) u autoklavu (ΔEsred = 1,64) pokazuje klinički pri-
hvatljive vrijednosti, što je potvrđeno i u drugim istraživa-
njima (15, 27, 28, 31), iako srednje vrijednosti ΔE u skupini 
izloženoj kemijskoj degradaciji (G5 –G8) u korozivnom me-
diju (s prosječnom vrijednošću aritmetičkih sredina ΔEsred = 
2,87) pokazuju statistički značajno veće vrijednosti (tabli-
ce 2. i 3.). Zbog stabilnosti faznog sastava i odsutnosti mo-
noklinske faze ta se kolorna promjena može pripisati otapa-
nju glazure u agresivnom mediju, što utječe na percepciju 
optičkih svojstava (32 – 34). Glazura kao amorfni materi-
jal nije otporna na agresivne vanjske utjecaje, a nije ni ke-
mijski stabilna (33 – 35). U agresivnom mediju iz glazure 
se gube površinski ioni, pa se stvaraju nepravilnosti (sekun-
darni porozitet) koje povećavaju hrapavost, što je u skladu 
s istraživanjima drugih autora (32 – 34). Važno je istaknuti 
da nastale kolorne promjene na nadomjestcima u usnoj šu-
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ity would not be noticeable, but the following question aris-
es: what would have happened to the material if, in addition 
to permanent moisture as well as changing temperature and 
pH values, it had been also exposed to discoloration-induc-
ing beverages and oral hygiene product? Haralur et al. (35) 
offered the evidence that the greatest color change occurs af-
vo u uvjetima stalne vlažnosti, iako se postavlja pitanje što 
bi bilo s materijalom koji bi, uz promjene temperature, stal-
ne vlažnosti i promjene pH, bio izložen raznim potencijal-
nim diskolorirajućim napitcima i sredstvima oralne higije-
ne. Haralur i suradnici dokazuju najveću kolornu promjenu 















subgroups • Kombinacije 
između podskupina
 P (∆E) P (∆L) P (∆C)
G-H vs G-C 0.002 0.697 0.66
G-H vs P-H 0.007 0.036 0.197
G-H vs P-C 0.03 0.725 0.787
G-H vs C 0.163 0.44 0.347
G-C vs G-H 0.002 0.697 0.66
G-C vs P-H 0.779 0.0005 0.483
G-C vs P-C 0.65 0.572 0.855
G-C vs C 0.153 0.408 0.321
P-H vs G-H 0.007 0.036 0.197
P-H vs G-C 0.779 0.0005 0.499
P-H vs P-C 0.847 0.024 0.344
P-H vs C 0.261 0.065 0.05
P-C vs G-H 0.029 0.725 0.787
P-C vs G-C 0.653 0.572 0.855
P-C vs P-H 0.847 0.024 0.339
P-C vs C 0.297 0.794 0.261
C vs G-H 0.163 0.44 0.347
C vs G-C 0.153 0.408 0.321
C vs P-H 0.261 0.065 0.05
C vs P-C 0.297 0.794 0.261
Specimen • Uzorak
TP0 
(AM ± SD) • 
(AS ± SD)
TP1 
(AM ± SD) • 
(AS ± SD)
∆TPavg (average change of 
arithmetical means) • ∆TPsred 
(srednja vrijednost aritmetičkih 
sredina)
P
G1 7.63 ± 0.666 7.617 ± 0.666
-0.07 1.000
G2 7.784 ± 0.738 7.774 ± 0.738
G3 7.392 ± 0.695 7.142 ± 0.695
G4 6.849 ± 0.695 6.84 ± 0.695
G5 7.842 ± 0.695 7.12 ± 0.695
-0.42 1.000
G6 7.477 ± 0.695 7.25 ± 0.695
G7 7.45 ± 0.695 7.116 ± 0.695
G8 7.365 ± 0.695 6.912 ± 0.695
P1 7.391 ± 0.675 7.254 ± 0.675
-0.93 0.29
P2 8.044 ± 0.748 6.661 ± 0.748
P3 8.296 ± 0.705 7.239 ± 0.705
P4 7.837 ± 0.705 6.683 ± 0.705
P5 8.007 ± 0.705 7.317 ± 0.705
-0.5 0.403
P6 7.501 ± 0.705 6.896 ± 0.705
P7 7.483 ± 0.705 7.736 ± 0.705
P8 8.021 ± 0.705 7.031 ± 0.705
C1 8.027 ± 0.705 7.981 ± 0.705
-0.16 1.000
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ter a thermo-cycling process as well as immersion in coffee, 
tea and chlorhexidine in monolithic zirconia, as opposed to 
lithium-disilicate ceramics and bilayer zirconia systems. Kurt 
et al. (36) have proven the direct connection between color 
changes on monolithic zirconia and the aging process that 
the material is subjected to; this phenomenon is explained 
by the direct exposure of monolithic surface of zirconia to a 
watery milieu, i.e. saliva, which stimulates the LTD of crys-
tals on the surface of the materials, while the consequential 
expansion of grains in the monoclinic phase results in mi-
cro-cracks and an increased roughness of the surface, which 
has repercussions on the extent of the color change. Lithi-
um-disilicate ceramics demonstrate greater color stability, i.e. 
their ΔE change is smaller than in monolithic zirconia (36). 
In this research, polished specimens demonstrated ΔE col-
or differences that were within the scope of clinically accept-
able values, but were also significantly greater than in glazed 
specimens aged in an autoclave (average values of arithmet-
ical means ΔEavg in polished specimens P1-P4: ΔEavg=2.75; 
P5-P8: ΔEavg=2.65) (Tables 2 and 3). There were no statisti-
cally significant differences in ΔE values among glazed spec-
imens subjected to chemical degradation (G5-G8) and be-
tween both subgroups of polished specimens (P1-P4, P5-P8), 
i.e. the ensuing color changes were similar (Table 3). The im-
pact of hydrothermal degradation in an autoclave on glazed 
specimens (G1-G4) was deflated by a protective coating on 
the surface (glaze), which, unlike in specimens without a pro-
tective coating, inhibited the penetration of water into the 
material, i.e. the degradation of the material. This assertion is 
confirmed by Palla et al., who have affirmed that the infiltra-
tion of water through the surface of a non-glazed glass ceram-
ic causes the structure to disintegrate (37). Camposilvan et al. 
have suggested to glazie all zirconia restorations in order to 
inhibit the impact of the hydrothermal aging protocol on the 
surface of the material (38). Previous studies have also shown 
that the quality of the final surface of the restoration has an 
impact on color stability, i.e. glazed and highly polished sur-
faces manifest better color stability in the long run (39). 
In the current study, greater changes ΔL and ΔC were ob-
served in polished specimens subjected to hydrothermal deg-
radation (P1-P4), followed by glazed specimens subjected to 
chemical degradation (G5-G8) (Tables 2 and 3). An increase 
of chromaticity along the b* co-ordinate in all subgroups, in 
varying degrees, indicated light yellowing of specimens after 
aging protocols, which did not occur in control specimens 
not subjected to experimental protocols (Table 3). A decrease 
in the lightness of polished specimens aged in an autoclave 
(P1-P4),which was statistically significant when compared to 
other subgroups (P5-P8, G1-G4, G5-G8), resulted in greater 
color saturation, i.e. greater ΔC change after aging in an au-
toclave (ΔLavg=-1.16, ΔCavg=1.25), although this values were 
not statistically significant compared with other subgroups 
(Table 3). These data are in line with a study by Ledić (40), 
in which a decrease in the lightness of lithium-disilicate ce-
ramic specimens consequently led to an increase in color sat-
uration. Glazed specimen G8 and polished specimens P4 and 
P8 manifested mean ΔE values marginally greater than those 
that are clinically acceptable (15,27,31,41) (Table 2).
silikatnoj keramici i dvoslojnim cirkonij-oksidnim sustavi-
ma nakon imerzije u kavi, čaju i klorheksidinu te izlaganju 
termocikličkom procesu (35). Kurt i suradnici dokazali su 
da su kolorne promjene na monolitnoj cirkonij-oksidnoj ke-
ramici u izravnoj vezi s izlaganjem materijala procesu stare-
nja i tu pojavu objašnjavaju direktnom izloženošću površine 
monolitne cirkonij-oksidne keramike vodenom miljeu, od-
nosno slini čime se potiče LTD kristala na površini materija-
la, a posljedična ekspanzija zrna monoklinske faze dovodi do 
mikropukotina i povećanja hrapavosti površine, što ima re-
perkusije na veličinu kolorne promjene (36). Litij-disilikat-
na keramika pokazala je veću kolornu stabilnost, odnosno 
manju promjenu ΔE u usporedbi s monolitnom cirkonij-
oksidnom keramikom (36). U ovom istraživanju polirani 
uzorci pokazuju kolorne razlike ΔE koje su također u sklo-
pu klinički prihvatljivih vrijednosti, iako su one statistički 
značajno veće u odnosu prema glaziranim uzorcima koji su 
starjeli u autoklavu (prosječne vrijednosti aritmetičkih sre-
dina ΔE kod poliranih uzoraka P1 – P4: ΔEsred = 2,75; P5 – 
P8: ΔEsred = 2,65) (tablice 2. i 3.). Između glaziranih uzoraka 
izloženih kemijskoj degradaciji (G5 – G8) te u objema pod-
skupinama poliranih uzoraka (P1 – P4, P5 – P8) nema sta-
tistički značajne razlike u vrijednosti ΔE, odnosno nastala je 
slična kolorna promjena (tablica 3.). Utjecaj hidrotermalne 
degradacije u autoklavu kod glaziranih uzoraka (G1 – G4) 
smanjen je zbog zaštitne prevlake na površini (glazure), čime 
se bilo kakva penetracija vode u materijal, odnosno degrada-
cija osnovnog materijala neće događati, za razliku od uzora-
ka koji nemaju zaštitnu prevlaku. Tu tvrdnju potvrđuju Palla 
i suradnici koji su dokazali da se kroz površinu neglaziranoga 
staklokeramičkoga nadomjestka infiltrira voda u materijal, 
što rezultira dezintegracijom strukture (37). Camposilvan i 
suradnici sugeriraju nanošenje glazure na sve nadomjestke 
cirkonij-oksidne keramike kako bi se spriječio utjecaj hidro-
termalnog protokola starenja na površinu materijala (38). 
U dosadašnjim studijama također je istaknuto da kvaliteta 
površine završenog nadomjestka utječe na stabilnost boje, 
odnosno da glazirane površine, kao i visokopolirane, znače 
dugoročno bolju stabilnost boje (39). Rezultati ove studije 
pokazuju da su veće promjene ΔL i ΔC zamijećene na poli-
ranim uzorcima pri hidrotermalnoj degradaciji (P1 – P4), a 
slijede ih glazirani uzorci izloženi kemijskoj degradaciji (G5 
– G8) (tablice 2. i 3.). Porast kromatičnosti po koordinati b* 
u većoj ili manjoj mjeri u svim podskupinama znači lagano 
žućenje uzoraka nakon protokola starenja koje se nije pojavi-
lo na kontrolnim uzorcima zato što nisu bili izloženi eksperi-
mentalnim protokolima (tablica 3.). Pad svjetline poliranih 
uzoraka P1 – P4, koji je ujedno statistički značajan u odno-
su prema uzorku ostalih podskupina (P5 – P8, G1 – G4, G5 
– G8), ima kao posljedicu veću zasićenost bojom, odnosno 
veću promjenu ΔC (ΔLsred = -1,12, ΔCsred = 1,25) pri starenju 
u autoklavu, iako bez statističke značajnosti u usporedbi s 
ostalim podskupinama (tablica 3.). To je u skladu s istraživa-
njem K. Ledić u kojemu su uzorci litijeve disilikatne kerami-
ke s većim smanjenjem svjetline pokazali posljedičnu veću 
zasićenost bojom (40). Glazirani uzorak G8 i polirani uzor-
ci P4 i P8 pokazuju granično veće vrijednosti ΔE od klinički 
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When discussing optical parameters of the tested materi-
al, it has to be taken into account that the material is multilay-
ered – it contains four layers that mutually differ in lightness 
and color saturation, i.e. the degree of transmission through 
the material. The material was layered to obtain a faithful re-
production of optical properties in a natural tooth (from a 
zone with less lightness and more saturation – corresponding 
to the cervical region – to a zone with more lightness and less 
saturation of color, in this case: A shade in the classical shade 
guide). Ueda et al. (42) have pointed out that light trans-
mits through all four layers in multilayered monolithic zirco-
nia differently, meaning that the layers have diverging optical 
properties. This fact may be of significance for these materi-
als and would make the second hypothesis acceptable as long-
term color changes on the material in the conditions of the 
oral cavity would be less discernible, especially if the resto-
ration were to be glazed and the impact of the milieu in the 
oral cavity thus diminished. This part of the research could 
be supplemented and more insight into the color stability of 
this material could be acquired by immersing specimens into 
discoloration-inducing solutions of varying temperature and 
pH values while also conducting the experimental protocols 
here described; this is a subject for potential future research.
Speaking of optical properties of the material, one of the 
most important properties for expressing similarity with den-
tal hard tissue and the factor affecting the choice of mate-
rials in fixed prosthodontic therapy is translucency (15). In 
the results of this study, the translucency values, as expressed 
through the translucency parameter (TP), were over 6.8, but 
under 8.3 at the start of the study, with specimen thickness 
being 1.5mm ± 5%. At the end of the study, the translucency 
values were over 6.6., but under 8; however, these differenc-
es were not statistically significant (Table 4). The translucen-
cy parameter did not change significantly following the aging 
protocol, which affirms the third hypothesis. Other studies 
confirm similar findings (36,43). Kurt et al. (36) demonstrat-
ed the translucency parameter stability of a Zirkonzahn Pret-
tau [ZZ] monolithic zirconia ceramics, which was unaffected 
by either the final surface treatment or aging protocols. In a 
study by Abdelbary et al. (44), the TP value was much great-
er (TP=16.12 ± 0.75) in 0.5mm thick InCoris TZI mono-
lithic zirconia ceramic specimens, whereas the TP value of 
1.2mm thick specimens was 9.25 ± 1.45. In that study, TP 
values of 0.5mm thick specimens significantly decreased after 
hydrothermal degradation in an autoclave at a temperature of 
134 °C and under the pressure of 2 bar over a five-hour pe-
riod (from 16.12 ± 0.75 to 12.56 ± 1.36), unlike the TP val-
ues of 0.8mm (from 13.67 ± 1.21 to 13.24 ± 2.42), 1mm 
(from 11.49 ± 0.95 to 11.08 ± 0.33) and 1.2mm (from 9.25 ± 
1.45 to 9.74 ± 1.31) thick specimens, which were not signifi-
cantly impacted by aging in the autoclave (44). The thickness 
of the specimens in this study was 1.5mm ± 5%, hence the 
TP values found here are comparable to the TP values found 
by Abdelbary et al. for corresponding material thickness. Re-
sults of other studies correlate with the results of this study, 
thus confirming the connection between specimen thickness 
and TP value (45-48). This phenomenon can be explained 
in the following manner: the thicker the specimen/restora-
Ono što se mora uzeti u obzir kada se govori o optičkim 
parametrima ispitivanog materijala jest da je riječ o materi-
jalu s četirima različitim slojevima koji se uzajamno razliku-
ju po svjetlini i zasićenosti boje (multilayered), odnosno pre-
ma stupnju propuštanja svjetlosti kroz materijal. Materijal je 
slojevan kako bi se dobila što vjernija reprodukcija optičkih 
svojstava u odnosu prema prirodnom zubu (od manje svijetle 
– zasićenije zone koja bi predstavljala cervikalnu regiju, pre-
ma zonama veće svjetline – manje zasićenosti boje, u ovom 
slučaju boje A prema klasičnom ključu boja). Ueda i suradni-
ci pokazali su da sva četiri sloja višeslojnog monolitnog cirko-
nijeva oksida različito propuštaju svjetlost, odnosno da imaju 
drukčija optička svojstva (42). Ta činjenica može biti značaj-
na kod takvih materijala jer bi tijekom vremena nastale ko-
lorne promjene u uvjetima usne šupljine, osobito ako bi se 
nadomjestak glazirao, pa time smanjio utjecaj miljea usne šu-
pljine, čime bi se druga hipoteza mogla prihvatiti. Dopuna 
ovom dijelu istraživanja i bolje spoznaje o kolornoj stabil-
nosti toga materijala dobile bi se ulaganjem uzoraka u dis-
kolorirajuće otopine različite temperature i pH vrijednosti, 
uz provedbu eksperimentalnih protokola, što može biti tema 
budućih istraživanja.
Govoreći o optičkim svojstvima materijala, jedno od naj-
važnijih kojim se najbolje može iskazati sličnost s tvrdim zub-
nim tkivima te čimbenik koji utječe na odabir materijala koji 
će se koristiti u fiksnoprotetičkoj terapiji, jest translucencija 
(15). Rezultati ove studije pokazuju da su vrijednosti translu-
cencije izražene parametrom translucencije TP-a veće od 6,8, 
a manje od 8,3 pri debljini uzoraka od 1,5 mm ± 5 % na 
početku istraživanja, odnosno veće od 6,6, a manje od 8 na 
kraju istraživanja, ali te razlike nisu statistički značajne (ta-
blica 4.). Parametar translucencije nije se značajno promije-
nio nakon protokola starenja, čime se potvrđuje treća hipo-
teza. Druga istraživanja potvrđuju rezultate ove studije (36, 
43). Kurt i suradnici (36) pokazali su stabilnost parametra 
translucencije (TP) monolitne cirkonij-oksidne keramike 
Zirkonzahn Prettau [ZZ] na koju nije utjecala vrsta završne 
obrade površine, niti protokol starenja. U studiji Abdelbaryja 
i suradnika vrijednost TP-a bila je značajno veća (TP = 16,12 
± 0,75) kod uzoraka monolitnoga translucentnog cirkonija 
InCoris TZI debljine 0,5 mm, a pri debljini od 1,2 mm vri-
jednost TP-a iznosila 9,25 ± 1,45 (44). U toj studiji vrijedno-
sti TP uzoraka debljine 0,5 mm značajno su se smanjile na-
kon hidrotermalne degradacije u autoklavu na 134 °C, pri 
tlaku od 2 bara tijekom 5 sati (s 16,12 ± 0,75 na 12,56 ± 
1,36), za razliku od vrijednosti TP uzoraka debljina 0,8 mm 
(s 13,67 ± 1,21 na 13,24 ± 2,42), 1 mm (s 11,49 ± 0,95 na 
11,08 ± 1,33) i 1,2 mm (s 9,25 ± 1,45 na 9,74 ± 1,31) na ko-
je starenje u autoklavu nije značajno utjecalo (44). U ovom 
istraživanju uzorci su bili debljine 1,5 mm ± 5 %, čime bi 
se dobivene vrijednosti TP-a mogle usporediti s rezultatima 
TP-a Abdelbaryja i suradnika za materijal te debljine. Rezul-
tati drugih studija u korelaciji su s rezultatima iz ove studi-
je te potvrđuju vezu debljine uzorka s vrijednošću TP-a (45 
– 48). Objašnjenje za tu pojavu bilo bi da se s većom deblji-
nom uzorka, odnosno nadomjestka povećava količina svje-
tlosti koja se apsorbira i reflektira, odnosno slabija je tran-
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tion, the greater the amount of absorbed and reflected light 
and the weaker the transmission through the material. This 
is caused by a greater number of grains (11,13) and a larger 
grain boundary surface (49) that the light encounters. When 
a specimen is thinner, transmission is stronger (45-48). How-
ever, it is important to stress the need of minimal material 
thickness that ensures an adequate degree of translucency and 
resistance to fractures (12,43). Although changes in the trans-
lucency parameter before and after aging protocols were not 
of significance in any specimen subgroup, a somewhat great-
er mean change in translucency parameter ΔTP was found 
in polished samples (P1-P8) (Table 4). This finding can be 
explained by the fact that a layer of glaze added to the base 
material in specimens G1-G8 had an insulating effect and 
minimized the impact of experimental aging protocols on the 
material (37,38). A study by Lawson et al. confirmed the sta-
bility of the TP in the material tested in the present study – 
Katana STML (50). The results of that study did not manifest 
a change in the TP of the Katana STML zirconia ceramic af-
ter two sintering programs – classical sintering, following the 
manufacturer’s instructions, and high-speed sintering, lasting 
18-30 minutes (50). Two other zirconia ceramics, Prettau An-
terior and Zpex Smile, manifested a decrease in the TP value 
after sintering programs (50). The changes in the TP value of 
zirconia ceramics can be explained with a post-aging mani-
festation of the monoclinic phase, which leads to a formation 
of micro-cracks that account for porosity in the structure and 
result in dispersion, thus reducing translucency (51-53). The 
results of a study by Ledić et al. demonstrated that the TP val-
ues of glass ceramics varying in color and manufactured us-
ing different techniques did not change significantly after be-
ing immersed in a 4-percent acetic acid for 16 hours at 80°C 
(53). TP values in this research confirm the fourth hypothe-
sis: the presence of a cubic structure resulted in translucency 
that is more optimized than in the previous generations of zir-
conia ceramics, which is line with the results of the research 
study by Camposilvan et al. (38). While testing the translu-
cency, microstructure and mechanical properties of second-
generation and third-generation zirconia ceramics, Camposil-
van et al. detected structural stability, the presence of a cubic 
phase and translucency that was superior in the third gener-
ation of zirconia ceramics; the translucency was described as 
“medium”, not high, and inferior to the translucency of glass 
ceramics. They also listed the inferior mechanical properties, 
which were similar to those in glass ceramics (38). This re-
search could be supplemented by investigations into mechan-
ical properties of the tested material as well as surface state af-
ter aging protocols (54, 55).
Conclusions
Within the limitations of this in-vitro study, it can be 
concluded that experimental aging protocols do not cause a 
tetragonal-to-monoclinic phase transformation, i.e. aging of 
materials. A fully tetragonal and a hybrid tetragonal-cubic 
microstructure dominate. Experimental aging protocols re-
sulted in a certain level of color change, expressed through 
CIE ΔE, CIE ΔL and CIE ΔC parameters; the change was 
površine granica zrna (49) s kojima se svjetlost susreće. Kroz 
tanji uzorak je transmisija svjetlosti veća (45 – 48). S druge 
strane, bitno je istaknuti važnost minimalne debljine materi-
jala koja osigurava prihvatljivu otpornost na lomljenje, a da 
translucencija materijala bude zadovoljavajuća (12, 43). Iako 
promjene parametra translucencije prije protokola starenja i 
poslije toga postupka nisu značajne ni u jednoj podskupini 
uzoraka, nešto veća srednja promjena parametra translucen-
cije ΔTP nastala je na uzorcima obrađenima poliranjem (P1 
– P8) (tablica 4.). To se može objasniti zaštitnim djelovanjem 
sloja glazure na osnovni materijal kod uzoraka G1 – G8, či-
me se umanjuje utjecaj eksperimentalnih protokola starenja 
na materijal (37, 38). Lawson i suradnici u svojoj su studiji 
potvrdili stabilnost TP-a kod materijala korištenog i u ovom 
istraživanju – Katana STML-a (50). Ni njihovi rezultati nisu 
pokazali promjenu TP-a pri primjeni Katana STML cirkonij-
oksidne keramike nakon dvaju različitih procesa sinteriranja 
– klasičnoga prema uputama proizvođača i nagloga sinterira-
nja tijekom 18 do 30 minuta (50). Druge dvije cirkonij-ok-
sidne keramike – Prettau Anterior i Zpex Smile – pokaza-
le su smanjenje vrijednosti TP-a nakon procesa sinteriranja 
(50). Promjene u vrijednostima TP-a u primjeni cirkonij-ok-
sidne keramike mogu se objasniti pojavnošću monoklinske 
faze nakon starenja koja dovodi do stvaranja mikropukotina, 
poput poroziteta u strukturi, i rezultiraju rasapom svjetlosti 
reducirajući translucenciju (51 – 53). Rezultati K. Ledić i su-
radnika pokazuju da se vrijednosti TP-a staklokeramika proi-
zvedenih različitim tehnikama i u različitoj boji nisu statistič-
ki značajno promijenile nakon izlaganja korozivnom mediju 
(53). Vrijednosti TP-a u ovom istraživanju potvrđuju četvr-
tu hipotezu, odnosno prisutnost kubične strukture rezultira-
la je optimiziranom translucencijom u usporedbi s prethod-
nim generacijama cirkonij-oksidne keramike, što je u skladu 
s rezultatima istraživanja Camposilvana i suradnika (38). Te-
stirajući translucenciju, mikrostrukturu i mehanička svojstva 
cirkonij-oksidne keramike druge i treće generacije, Campo-
silvan i suradnici detektirali su stabilnost strukture i prisut-
nost kubične faze, superiornu translucenciju treće generacije 
u usporedbi s cirkonijevim oksidom druge generacije koju su 
ujedno opisali kao srednju, a ne visoku, te inferiornu staklo-
keramikama. Naveli su i inferiornija mehanička svojstva, na-
lik na staklokeramike (38). Dopuna ovom istraživanju bila bi 
vezana za ispitivanje mehaničkih svojstava ovog materijala i 
kvalitetu površine ispitivanog materijala (54, 55).
Zaključak
Uključujući ograničenja ove studije in vitro, može se za-
ključiti da eksperimentalni protokoli starenja ne potiču tetra-
gonsko-monoklinske fazne transformacije, odnosno starenje 
materijala. Dominiraju posve tetragonska mikrostruktura te 
kombinirana tetragonsko-kubična. 
Eksperimentalni protokoli starenja rezultirali su odre-
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more pronounced in polished specimens. Unlike polish-
ing, glazing specimens generally decreased the value of col-
or changes CIE ΔE, CIE ΔL and CIE ΔC. Light yellowing 
was observed in specimens subjected to aging protocols, un-
like the control specimens, which did not undergo testing of 
any kind. These changes can be deemed clinically acceptable 
over a longer period of application in the conditions of the 
oral cavity.
Experimental aging protocols had no significant impact 
on translucency of third-generation monolithic zirconia ce-
ramics, which can be explained by the presence of cubic mi-
crostructure and the absence of monoclinic phase.
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